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Abstract 
 
In order to produce low porosity superconducting bulks, we have investigated the microstructures and properties of DyBa2Cu3Ox 
(Dy123) single-grain bulks fabricated by using precursors prepared through the spark plasma sintering (SPS) process. It was 
observed that the porosity decreased with increasing the SPS temperature. However, the peak height of the trapped magnetic field 
decreased. This is probably because of the contamination of the precursors from the SPS die and the shortage of oxygen content. It 
is expected that low porosity superconducting bulks with high superconducting and mechanical properties are obtained in air by 
optimizing the SPS conditions. 
 
© 2013 The Authors. Published by Elsevier B.V. Selection and/or peer-review under responsibility of ISS Program Committee. 
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1. Introduction 
  
Improvement of strength reliability of REBa2Cu3Ox (RE123, where RE denotes rare-earth elements) single-grain 
bulks is important for the development of superconducting devices equipped with RE123 bulks because RE123 bulks 
are subjected to electromagnetic force and thermal stress in the superconducting devices [1], [2]. RE123 single-grain 
bulks are produced by a melt-process and, as a result, contain pores inside. Pores are considered to cause degradation 
of the fracture strength. The amount of pores can be reduced by melt-processing in oxygen atmosphere. In fact, it has 
been reported that RE123 bulks melt-processed in oxygen atmosphere have few pores and their mechanical properties 
are improved [3] – [6]. However, it is well-known that the melt-processing in oxygen atmosphere results in 
degradation of the superconducting properties due to the RE/Ba substitution. In order to reduce the porosity of RE123 
single-grain bulks, we propose another new method of using a dense precursor in the melt-process. If the pores 
dispersed in the final RE123 bulks are originated from pores inside the precursors, the amount of pores should be 
reduced by using a dense precursor. It is difficult to eliminate pores in the precursors, even if they are prepared by cold 
isostatic pressing (CIP). In our new method, a dense precursor is fabricated through spark plasma sintering (SPS) 
process, because SPS process is effective in improving the density of materials [7], [8]. However, the effects of the 
SPS on the microstructures and properties of melt-grown RE123 bulks have not been investigated. In the present study, 
Dy123 single-grain bulks are fabricated by the melt-processing in air using the precursors prepared by SPS. Effects of 
SPS temperature on the microstructures and properties of the melt-grown Dy123 bulks are discussed. 
 
2. Experimental 
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Fig. 1 shows schematic illustrations of temperature and time for the SPS and the melt-process subsequent to SPS. 
Molar ratio of RE123 : RE2BaCuO5 (RE211) of the precursors was 3:1. 0.5 wt% Pt was added to the precursors to 
disperse fine Dy211 secondary phase particles into the melt-grown Dy123 superconducting matrix. Carbon sheet was 
used to avoid adhesion between the precursor and the SPS carbon die. SPS temperatures were 923, 973 and 1023 K 
and SPS pressure was 50 MPa, respectively. SPS temperatures were based on the temperature of SPS die. Temperature 
of the SPS die was measured by using a thermocouple. Precursors prepared through the SPS process were heated in air 
up to 1423 K, kept at that temperature for 1 h and then cooled down to 1313 K. After that, one Nd123 seed crystal was 
placed on the top of them and they were gradually cooled down. Diameters of the melt-grown Dy123 bulks were about 
20 mm. After the melt-processing, oxygen annealing was conducted for the Dy123 bulks at 723 K for 100h. These 
Dy123 bulks fabricated from the precursors sintered at the SPS temperatures of 923, 973 and 1023 K are denoted as 
Sample 923, Sample 973 and Sample 1023, respectively. 
Trapped magnetic field profiles of the Dy123 bulk samples were measured at 77 K. Applied magnetic field was 1 
T. Fracture strength was evaluated through the three-point bending tests for specimens cut from the Dy123 bulk 
samples. The width and thickness of the bending test specimens were 2.5 and 1.5 mm, respectively. The 1.5 mm 
direction of the specimens almost corresponded to the c-axis of the bulk samples. The fulcrum span of the bending test 
was 7 mm. Three-point bending load was applied at room temperature in the 1.5 mm direction for the specimens by 
means of INSTRON 4464 testing machine. Crosshead speed was 0.1 mm/min. After the bending tests, fracture 
surfaces were observed by using scanning electron microscope. Side surfaces of the specimens were polished by using 
lapping sheets. Pores and Dy211 particles on the polished surfaces were observed by using a digital microscope. Area 
fractions of pores were measured through the image analysis. 
                           
(a)                                                                      (b) 
Fig. 1. Schematic illustrations of (a) SPS process (SPS temperature: 1023 K) and (b) melt-process subsequent to SPS. 
 
3. Results and discussion 
 
Fig. 2 shows appearances and trapped magnetic field profiles of the Dy123 bulk samples. Since growth sector 
boundaries are observed on the top surface of these bulks, it is recognized that these bulks are single-grain. However, 
one macro-crack is observed for the Sample 923 as marked by an arrow. On the other hand, such a macro-crack is not 
observed for the Sample 973 and Sample 1023. Both trapped field profiles of the Sample 973 and Sample 1023 are 
similar to those of conventional RE123 bulks, and the peak height for the sample 973 is larger than that for the sample 
1023. Although the trapped magnetic field profile of the Sample 923 has a disorder due to the macro-crack, the slope 
of the trapped field at the opposite side of the macro-crack is steep in comparison with those of the other bulk samples. 
Therefore, the peak height of the trapped field of the Sample 923 is considered to be higher than those of the other two 
bulk samples, if the Sample 923 does not have the macro-crack. It is deduced that the peak height of the trapped field 
decreased with increasing the SPS temperature.  
Fig. 3 shows macroscopic view of polished surfaces of the Dy123 bulk samples. The average values of porosity 
(area fraction of pores) are 7.2, 4.1 and 0.5 % for the samples 923, 973 and 1023, respectively. In our previous study, 
porosity of a conventional Dy123 bulk with 30 in diameter was about 7.7-15.4 % [9]. Although the Sample 923 is 
similar to conventional bulks, porosities for the Samples 973 and 1023 are lower than those of conventional bulks. 
Here, it should be emphasized that the porosity decreases with increase of the SPS temperature. This result 
demonstrates that the amount of pores in the final bulk can be reduced by using a dense precursor. However, we also 
observed in our previous study that porosities of a region near the surface of RE123 bulks are lower than those of an 
inner region [9]. Thus, it is difficult to understand quantitatively the effects of the SPS on the reduction of pores in the 
melt-grown RE123 bulks when we use small bulks. Further investigations on larger bulks are needed for quantitative 
understanding. 
Fig. 4 shows microscopic view of polished surfaces of the Dy123 bulk samples. Although the area fraction of the 
Dy211 particles on the polished surface of the Sample 1023 seems to be slightly higher than those of the other samples, 
fine Dy211 particles are dispersed for all samples. Thus, Dy211 particles, which act as an effective pinning center, are 
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not responsible for the experimental result that the peak height of the trapped field decreased with increasing the SPS 
temperature. The SPS temperature was measured for the SPS die and the maximum SPS temperature (1023 K) is 
much lower than melting temperature of the Dy123 phase (1283 K). However, it is considered that the temperature of 
the precursor in the SPS die locally exceeded the melting temperature of the Dy123 phase because sintering is 
promoted by the effect of plasma caused between powders in SPS process. As a result, a small amount of carbon 
might be dissolved into the molten Dy123 phase from the SPS carbon die or carbon sheet. It is well-known that carbon 
contamination results in the degradation of superconducting properties. The amount of carbon contamination can be 
expected to be increased with the SPS temperature and this expectation is consistent with the experimental result. We 
believe that this contamination problem can be solved by using the SPS die and sheet made of other materials but 
carbon. In addition to carbon contamination, the low trapped field of the Sample 1023 can be ascribed to insufficient 
oxygen content. The Sample 1023 contains few pores, as shown in Fig.3 (c), and such a dense sample must require an 
oxygen annealing time much longer than 100 h for full oxygenation. 
 
 
 
 
 
 
 
 
 
 
(a)                                 (b)                                  (c) 
Fig. 2. Appearances and trapped magnetic field profiles of the (a) Sample 923, (b) Sample 973 and (c) Sample 1023. 
 
 
Fig. 3. Pores of (a) Sample 923, (b) Sample 973 and (c) Sample 1023. 
 
 
Fig. 4. Dy211 particles of (a) Sample 923, (b) Sample 973 and (c) Sample 1023. 
 
Fig. 5 shows bending strength of specimens cut from the Dy123 bulk samples. Improvement of the minimum 
bending strength value is observed for the Sample 1023, which is presumably attributable to the increase of the net 
cross-sectional area caused by the reduction of pores. On the other hand, the maximum bending strength values are 
similar between the Samples 923 and 1023. This is probably because the Sample 923 also has low porosity region near 
the surface of the bulk. Fracture strength was improved by using a dense precursor as expected, but scatters of the 
bending strength data of these bulks are relatively significant. Weibull coefficient is commonly used to evaluate the 
scatter of the fracture strength data; larger Weibull coefficient means smaller scatter of the fracture strength data. 
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Although Weibull coefficients of 8-10 were reported for conventional Dy123 bulks [10], the values of Weibull 
coefficients in the present study are 2.5-3.4. In order to investigate the origin of the large scatter in fracture strength, 
the fracture surfaces of the bending test specimens were observed, as shown in Fig. 6. On the fracture surfaces of 
conventional RE123 bulks, steps perpendicular to the c-axis are formed due to the pre-existing micro-cracks induced 
by the phase transformation in the oxygen annealing process. On the other hand, in the present study, steps parallel to 
the c-axis and opening of a large macro-crack are also observed as marked by arrows in Fig. 6 (b) and (c). Further 
investigations are needed to understand if these steps or cracks are associated with SPS process or not. However, large 
scatter is also observed for the Sample 923, which is similar to conventional bulks due to small SPS effect. Thus, SPS 
process is not considered to be responsible for large scatter in fracture strength. 
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Fig. 5. Bending strength of specimens cut from Dy123 bulk samples. 
 
 
Fig. 6. Fracture surfaces of bending test specimens cut from (a) Sample 923, (b) Sample 973 and (c) Sample 1023. 
 
4. Conclusion 
 
Dy123 single-grain bulks were fabricated from precursors prepared by SPS. Effects of SPS temperature on the 
microstructures and properties of the Dy123 bulks were investigated. It was observed that the porosity decreased with 
increasing the SPS temperature. However, the peak height of the trapped magnetic field decreased. This is probably 
because of the contamination of the precursors from the SPS die and the shortage of oxygen content. Improvement of 
the minimum bending strength value was observed for the low porosity bulk. It is expected that low porosity 
superconducting bulks with high superconducting and mechanical properties are obtained in air without degradation of 
the superconducting properties caused by RE/Ba substitution by optimizing the SPS conditions.  
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